FbxA is a novel member of a family of proteins that contain an F-box and WD40 repeats and that target specific proteins for degradation via proteasomes. In fruiting bodies formed from cells where the fbxA gene is disrupted (fbxA ؊ cells), the spore mass fails to fully ascend the stalk. In addition, fbxA ؊ slugs continue to migrate under environmental conditions where the parental strain immediately forms fruiting bodies. Consistent with this latter behaviour, the development of fbxA ؊ cells is hypersensitive to ammonia, the signaling molecule that regulates the transition from the slug stage to terminal differentiation. The slug comprises an anterior prestalk region and a posterior prespore region and the fbxA mRNA is highly enriched in the prestalk cells. The prestalk zone of the slug is further subdivided into an anterior pstA region and a posterior pstO region. In fbxA ؊ slugs the pstO region is reduced in size and the prespore region is proportionately expanded. Our results indicate that FbxA is part of a regulatory pathway that controls cell fate decisions and spatial patterning via regulated protein degradation.
INTRODUCTION
The 1 Dictyostelium slug is formed by the aggregation of individual cells but has many of the properties of a multicellular organism. At culmination cells within the slug move and differentiate as either stalk or spore cells. Development is highly regulative. The characteristic 1:4 ratio of stalk to spore cells is maintained over a remarkably wide range of aggregate sizes; as few as 100 cells and as many as 100,000 cells form a correctly proportioned fruiting body. Regulation can also be demonstrated at the slug stage. The slug contains prestalk cells in its anterior one-fifth and prespore cells in the rear four-fifths. If the ratio of these cell types is experimentally altered, by cutting the slug in half, prestalk and prespore cells will each transdifferentiate into the other cell type, thereby reestablishing the correct proportions (Raper, 1940) .
In such a highly regulative system, cell-type proportioning must be very tightly controlled; the prestalk cells and prespore cells must "sense" the prestalk-to-prespore ratio and respond appropriately to changes in it. This capacity implies the existence of diffusible signals that direct cellular differentiation. The two best characterised signals that could regulate this process are DIF, a chlorinated hexaphenone, and cAMP (reviewed by Brown et al., 1997; Kay, 1997) . Cells aggregate together using extracellular cAMP signals but, in addition to acting as a chemoattractant, cAMP also induces prespore differentiation. DIF acts antagonistically to cAMP, to induce prestalk differentiation and inhibit prespore cell differentiation. Once a mound is formed, the prestalk cells sort to the apex where they form a nipple-shaped tip. The tipped mound transforms into a cylindrical standing slug and, under the environmental conditions likely to exist below the forest floor (high humidity, darkness, and high ionic strength), the slug falls over and enters a migratory stage.
The slug is phototactic and thermotactic and these sensitivities direct it to a suitable environment for culmination. Under certain laboratory conditions, the migratory slug phase is omitted and development then takes 24 h. Ammonia, which is produced during development as a result of protein catabolism, is believed to act as the regulator for entry into culmination; high levels of ammonia inhibit culmination and depletion of ammonia is sufficient to trigger culmination (Schindler and Sussman, 1977) . A number of mutants that persist as slugs under conditions that would normally induce culmination have been shown to be hypersensitive to the inhibitory effects of ammonia (Gee et al., 1994; Newell and Ross, 1982) .
Most aspects of slug behaviour seem to be under the control of the slug tip. When the tip from one slug is grafted onto the flank of another slug the donor tip recruits a cohort of prespore cells from the recipient slug (Raper, 1940) . Also, the duration of slug migration is determined by the tip (Fukuzawa et al., 1997; Smith and Williams, 1980 ) and the tip is the light sensor for phototaxis (Francis, 1964) . There is a molecular marker for the tip region that is derived from the ecmA gene (Early et al., 1993) . ecmA encodes an extracellular matrix protein and it is expressed throughout the prestalk region. ecmA is also expressed in the anteriorlike cells (ALC), a population of cells with the characteristics of prestalk cells that lie scattered throughout the prespore region. The promoter of the ecmA gene is modular. Prestalk cells that utilise the region proximal to the cap site (the ecmO region) are known as pstO cells, while those that utilise the distal region (the ecmA region) are called pstA cells. Many of the ALC utilise the ecmO region, while very few utilise the ecmA region. pstA cells are found in the front one-third to one-half of the prestalk region, while pstO cells occupy the remainder of the prestalk region.
Because the pstA cells occupy the front of the prestalk zone, they probably correspond to the functionally defined tip and genetic evidence supports this notion (Fukuzawa et al., 1997) . The tip cells are, however, a constantly changing population, because there is a cellular flow within the migrating slug (Abe et al., 1994) . There is a cone of cells in the front of the prestalk region, the pstAB cells, identified by the fact that they express both ecmA and a closely related extracellular matrix protein, ecmB. During slug migration there is a sporadic shedding of the entire cone of pstAB cells from the tip (Sternfeld, 1992) . The pstAB cells lost from the prestalk region are then replaced as follows: a subset of pstA cells activates ecmB and so becomes pstAB cells, pstO cells differentiate into pstA cells and move forward into the tip, ALCs move from the prespore region into the pstO region, and prespore cells transdifferentiate to replenish the ALC population. As a result, the relative proportions of pstA, pstO, and prespore cells remain fairly constant despite the cell losses associated with migration.
At culmination the slug sits on end and a pattern of morphogenetic movement is initiated within the prestalk region, whereby the pstA cells move downward toward the base. As the pstA cells start their downward movement, they activate expression of the ecmB gene. They do so using promoter elements proximal to the ecmB cap site (Ceccarelli et al., 1991) . These cells synthesise around themselves a matrix known as the stalk tube (for convenience, we will term cells within the stalk tube ST cells). Entry into the stalk tube is sequential and once the pstA cells have all become ST cells they are followed into the stalk tube by the pstO cells. Some of the pstO cells activate expression of the ecmB gene before they enter the stalk tube and this defines them as "upper cup" cells (UC cells; Ceccarelli et al., 1991) . There are two additional, very closely related populations of ecmB-expressing cells: the "lower cup" (LC) and the basal disc (BD) cells (N.B. The names upper cup and lower cup derive from the position of these cells in the final culminant: at the apex and base of the spore mass, respectively.).
One very powerful approach to study a pattern formation process is to isolate mutants that disrupt normal development. We have identified a mutant that produces aberrant fruiting bodies, that remains at the slug stage under conditions where the parental strain culminates, and that is aberrant in cell-type proportioning. Because the mutant was made using insertional mutagenesis (Kuspa and Loomis, 1992) , we were able to isolate and characterise the disrupted gene. This gene, fbxA, plays a key role in regulating cell fate decisions. Since the FbxA protein contains an F-box and WD40 repeats, which direct proteins to be degraded by the ubiquitin/proteasome pathway, it is probable that FbxA regulates developmental fate via targeted protein degradation.
MATERIALS AND METHODS

Cells and Growth Conditions
Cells were cultured at 22°C in either shaking flasks or in tissue culture dishes. DH1 cells, which are uracil auxotrophs, were grown in FM medium (Gibco/BRL) supplemented with uracil at 20 g/ml. REMI mutants were initially selected in FM lacking uracil (Kuspa and Loomis, 1992) . Following cloning of individual Uraϩ mutant strains, cells were maintained in HL5 medium (Watts and Ashworth, 1970) . Ax2 and KAx3 cells were grown in HL5 medium. fbxA Ϫ mutants created in the Ax2 or KAx3 background were initially selected at 10 g/ml Blasticidin S (ICN/Flow). Following cloning of individual integrants and confirmation of the expected integration event by a Southern transfer, the mutants were maintained in HL5 without selection. Strains transformed with lacZ reporter plasmids or the actin15-fbxA-FLAG construct were selected in HL5 containing 20 g/ml G418 (geneticin; Gibco/BRL). In order to select for cells expressing FbxA-FLAG at higher levels, aliquots of the actin15-fbxA-FLAG transformants were transferred to HL5 containing 100 g/ml G418. In the case of the slugger assay in which fbxA1 Ϫ was originally identified, LPS (lower pad solution, 29.2 mM KH 2 PO 4 , 1.07 mM Na 2 HPO 4 , pH 6.4) was substituted for KK2 buffer and cells were plated on filters, followed by incubation for 40 h in unidirectional light. Mutants were classified as sluggers if they showed evidence of slug migration (either the continued presence of slugs after 40 h of development or the culminants located outside the original region of cell deposition).
Developmental Conditions
To compare the sensitivity of parental and fbxA Ϫ mutant strains to ammonia, cells were harvested from axenic culture and washed twice in 25 mM MES, pH 6.2. During the second wash step, the cells were split into multiple aliquots, each of which was resuspended at a density of 2 ϫ 10 8 cells/ml (fbxA1 Ϫ ) or 1 ϫ 10 8 cells/ml (fbxA2 Ϫ ) in 25 mM MES, pH 6.2, containing a given concentration of NH 4 Cl (0, 5, 10, 20, 40, 60, or 75 mM) . Filters and pads, presoaked in the same series of NH 4 Cl/MES solutions, were also prepared. Cells were plated on the corresponding filter and pad at a density of 5.0 ϫ 10 6 cells/cm 2 (fbxA1 Ϫ ) or 2.5 ϫ 10 6 cells/cm 2 (fbxA2 Ϫ ) and monitored over the course of development.
Molecular Analysis
Genomic DNA flanking the site of REMI insertion in DH1 was recovered by digesting genomic DNA from the mutant strain with a restriction enzyme (BclI or SpeI) that does not cut in the plasmid used for insertional mutagenesis. The resulting DNA fragments were circularized via ligation and transformed into bacteria. In order to demonstrate that the mutant phenotype was a consequence of the insertion event, DNA prepared from the rescued plasmids was linearized with the enzyme used for the initial excision and retransformed into DH1 cells, using the standard conditions for REMI mutagenesis (Kuspa and Loomis, 1992) but omitting any restriction enzyme. Uraϩ transformants were screened for developmental morphology. Southern analysis of DNA prepared from transformant clones was used to confirm that recapitulation of the original insertion event via homologous recombination reproduced the original phenotype.
The sequence of the fbxA gene was derived largely from analysis of genomic DNA (contained either in the plasmids described above or in MC1, a plasmid produced by digestion of genomic DNA with ClaI, which cuts once in the insertion plasmid). In order to sequence across the site of insertion and to verify the position of the 5Ј noncoding region, PCR was used to amplify fragments from a Dictyostelium cDNA library. Primers that anneal either 68 bp downstream of the putative ATG translation start site or 51 bp upstream of the insertion site were used in combination with primers that anneal in the cDNA backbone. The resulting fragments were treated with BamHI and EcoRI (which cut at sites that were engineered into the PCR primers) and inserted into the polylinker region of Bluescript SKϩ (Stratagene). The T3 and T7 primers, which hybridise to areas flanking the polylinker region, were used to sequence the plasmids. The plasmid derived from the 5Ј region (318 MN) was shown to contain the predicted coding sequence plus approximately 155 bp of upstream DNA, with stop codons in all reading frames. This sequence matched that obtained from analysis of genomic DNA. Similarly, the plasmid derived from the 3Ј region of the gene (319 MN) confirmed that the DNA sequence predicted by sequencing outward from the site of insertion in rescue plasmid is, in fact, contiguous in the native gene. DNA sequencing reactions were carried out using either 35 S-dATP and the Pharmacia T7 sequencing kit or the Applied Biosystems Taq dye primer cycle sequencing kit and an ABI377 automated sequencer.
The template for the probe used for hybridisation with the YAC library was a 0.9-kbp BclI/BamHI fragment (comparable to the BclI/BamHI fragment in the C-terminal region of the MC1 insert excised from one of the orignal fbxA1 Ϫ rescue plasmids (pMB3, produced by digestion of genomic DNA with BclI; see above). The plasmid Bsrƒ1, which was used to create the mutant fbxA2-, was constructed as follows. MC1 (see above) was digested with BclI to remove a 3.07-kbp region of DNA (containing 111 bp of 5Ј noncoding sequence and the coding region for the first 944 amino acids of FbxA). The remaining backbone was ligated with a 1.5-kbp BamHI fragment containing a Blasticidin-resistance gene under the control of the actin15 promoter (Sutoh, 1993) to produce Bsrƒ1. A second disruption plasmid, Bsrƒ2, was used to create the fbxA3 Ϫ mutant. Bsrƒ2 was made by inserting a blunt-ended version of the same Blasticidin-resistance cassette into a unique HincII site near the centre of the FbxA coding region. The plasmid 316 MN was used as the template for riboprobe preparation for in situ analysis of the fbxA expression pattern. 316 MN consists of a 175-bp fragment PCR amplified from the extreme 5Ј region of the FbxA coding region cloned into the EcoRI and BamHI sites of Bluescript SKϩ (Stratagene).
The actin15-FbxA-FLAG construct was assembled in two steps. First, two oligos were synthesized (MN Fl upper, 5Ј-AAT TCA GAT TAT AAG GAT GAT GAC GAT AAG TAA GAT CTA-3Ј; and MN Fl lower, 5Ј-A GCT TAG ATC TTA CTT ATC CTG CTA ATC CTT ATA ATC GT-3Ј) and annealed to produce a doublestranded DNA fragment with EcoRI and HindIII cohesive ends that encodes the FLAG epitope tag (Sigma-Aldrich) and a stop codon. This fragment was inserted between the actin15 promoter and actin8 terminator sequences in the vector pDEX-RH (Faix et al., 1990) to produce the intermediate plasmid 321 MN. A 3.9-kbp fragment was produced via PCR, using MC1 as a template and primers designed to amplify the entire FbxA coding sequence, with the exception of the stop codon. These primers also introduced an EcoRI site at each end of the fragment. This fragment and the plasmid 321 MN were each digested with EcoRI and then ligated together. Constructs containing inserts in the appropriate orientation (as determined by restriction enzyme digestion) were subjected to sequence analysis to confirm that an in-frame fusion had been produced. The resulting fusion protein adds 11 amino acids to the extreme C-terminus of FbxA (KNSDYKDDDDK), immediately upstream of the stop codon. Three individual plasmids (F2, F3, and F5) that contained the desired fusion construct were introduced separately into both Ax2 and fbxA2 Ϫ cells via calcium phosphate precipitation (Nellen et al., 1984) . All three sets of fbxA2 Ϫ transformants produce fruiting bodies, containing normal stalk and spore cells, but the morphology of the structures is somewhat imperfect, presumably because expression is driven by the semiconstitutive actin 15 promoter. Because the morphology of F3 transformant fruiting bodies was particularly poor, the F2 and F5 transformants of Ax2 were used in all further analyses.
Creation of the fbxA2
؊ and fbxA3 ؊ Mutant Strains
For the creation of the fbxA2 Ϫ mutant, the Bsrƒ1 disruption plasmid was first digested with ClaI and BamHI. This separates the vector backbone from a fragment containing the Blasticidin cassette flanked by 1.1 kbp of DNA from the upstream promoter region of fbxA and 0.9 kbp of FbxA coding sequence. Similarly, the Bsrƒ2 disruption plasmid was cut with AccI and NdeI to release the fragment used in creation of fbxA3 Ϫ . In both cases, the digestion mixture was phenol/chloroform-extracted, ethanol-precipitated, and resuspended in sterile water. Ten micrograms of DNA was introduced into Ax2 cells (fbxA2 Ϫ ) or KAx3 cells (fbxA3 Ϫ ) via electroporation, using the same conditions as those for REMI mutagenesis (Kuspa and Loomis, 1992) but in the absence of any accompanying restriction enzyme. Blasticidin-resistant transformants were screened for developmental morphology. Southern analysis of DNA prepared from transformant clones with a mutant phenotype was used to confirm that the expected homologous recombination event had occurred. Parallel analysis of DNA from phenotypically normal transformants showed no evidence of disruption of the fbxA locus.
In Situ Hybridisation Analysis
For analysis of the fbxA expression pattern, a dUTP digoxigenin riboprobe was prepared using linearized 316 MN as a template and a DIG RNA labeling kit (Boehringer Mannheim 1175025). 316 MN was linearized with EcoRI and transcribed from the T3 promoter to produce an antisense probe; the sense probe was transcribed from the T7 promoter following linearization of the template DNA with BamHI. The probes were partially hydrolysed with 0.1 M carbonate, pH 10, for 20 min at 65°C, as recommended by O'Neill and Bier (1994) . Sample preparation and hybridisation procedures were those described by Escalante and Loomis (1995) , modified for use with riboprobes as later suggested by the authors (personal communication) by a carbonate treatment of the probe, prehybridisation, and hybridisation at 50°C, and a final wash in 0.1ϫ SSC. EcmA gene expression was analysed using a 800-bp probe from within the ecmA coding sequence.
Western Blot Analysis of actin-FbxA-FLAG Transformants
Untransformed Ax2 cells and Ax2 cells transformed with F2 or F5 (see above) were allowed to develop for 6.5 h on water agar in overhead light. The resulting loose mounds were washed off the plate using KK2, harvested via centrifugation, resuspended in 20 mM potassium phosphate buffer, pH 7.0, and disaggregated via passage through a 23-gauge needle. The cells were then pelleted and resuspended directly in 5ϫ Laemmli sample buffer at a concentration of 6.7 ϫ 10 7 cells/ml. Cells (1 ϫ 10 6 ) were loaded per lane on a 7% SDS-PAGE gel. Following electrophoresis the gel was blotted to Hybond-C membrane (Amersham). The resulting blot was blocked for 1 h at 25°C in 10% milk (w/v) in PBST (PBS ϩ 0.05%, v/v, Triton X-100) and incubated overnight at 4°C with a 1:500 dilution (final concentration 2 g/ml) of affinity-purified polyclonal rabbit anti-FLAG antibody (Zymed) in fresh blocking solution. The following day the blot was washed (3 ϫ 15 min) in PBST, incubated for 1 h at 25°C with a 1:1000 dilution of HRP-conjugated goat anti-rabbit (Bio-Rad) in 5% milk (w/v) in PBST, washed again, and incubated for 1 min at 25°C with ECL detection reagents (Amersham). The signal was detected via exposure of the blot to X-ray film.
Indirect Immunofluorescence
For Mud1 (Krefft et al., 1983) staining, first fingers or slugs, as appropriate, were disaggregated as described for the Western blot analysis. Disaggregated cells were dispensed onto poly-L-lysine coated slides and allowed to settle for 10 min at 25°C. The buffer solution was removed and the cells were fixed for 10 min in 100% MeOH at 25°C. Following fixation, the methanol was allowed to evaporate from the surface of the slide. The cells were then incubated in a moist chamber with 2 g/ml Mud1 antibody (gift of M. Krefft) in PBS for 4 h at 25°C, washed, then incubated with 2 g/ml FITC goat anti-mouse (purchased from Biosource International and preadsorbed by incubation with Dictyostelium cells) in PBS for 4 h at 25°C, washed again, and finally sealed under coverslips. The samples were examined under an Leica DM-RBE fluorescence microscope, using a 40ϫ objective. Fields were chosen at random and the percentage of total cells stained was determined. Approximately 2000 total cells were counted for each strain at a given developmental stage.
In the case of staining with antibody directed against spore coat proteins (Hayashi and Takeuchi, 1976 ) first fingers were carefully transferred from 2% water agar to poly-L-lysine-coated slides and fixed in 100% methanol at 25°C. The fixed structures were incubated overnight at 4°C with a 1:1000 antibody dilution in PBS, washed, incubated with 1:1000 Texas red conjugated goat antirabbit (purchased from Molecular Probes and preadsorbed by incubation with Dictyostelium cells) in PBS for 4 h at 25°C, washed again, sealed under a coverslip, and and examined using a Leica TCS-NT confocal microscope.
␤-Galactosidase Staining
Ax2 and fbxA2
Ϫ cells were transformed with a series of cell type-specific lacZ reporter plasmids and transformants were grown and developed as described above. Fixation, washing, and staining procedures were those of Dingerman et al. (1989) . Staining times depended on the lacZ construct in question and the particular experiment. However, for any one stage of development in a given experiment, Ax2 and fbxA2 Ϫ transformants were incubated for the same length of time.
RESULTS
Isolation of the fbxA1
؊ Mutant and the fbxA Gene
Developmental mutants, produced using REMI (Restriction Enzyme-Mediated Integration; Kuspa and Loomis, 1992) , were screened for culmination abnormalities. Depending upon the precise developmental conditions, the fbxA1 Ϫ mutant forms aberrant fruiting bodies, remains as a migratory slug under conditions where the parental strain enters culmination, or arrests at the mound stage (data not shown). When analysing REMI mutants, there is always a risk that the observed phenotype results from DNA damage at a site other than the vector insertion site. The fbxA gene was therefore cloned by recovery of the DNA flanking the site of plasmid insertion in the REMI mutant. To demonstrate that the mutant phenotype is a consequence of the insertion event, DNA prepared from the rescued plasmid was linearized with the restriction enzyme used for the initial excision and retransformed into DH1 cells. Southern blot analysis of DNA prepared from transformant clones showed that recapitulation of the original insertion event had occurred in a fraction of the transformants. The phenotypes observed in these re-disruptants were the same as those of the original REMI isolate and Southern blot analysis demonstrated a direct correlation between strains with the mutant phenotype and a disruption of the gene (data not shown).
The full sequence of the fbxA gene was determined, largely via analysis of genomic DNA. However, cDNA clones were used to sequence across the insertion site and to verify the positions of the 5Ј noncoding region and the single intron, which lies near the 5Ј end of the gene. Hybridisation of an fbxA probe with a YAC library shows that fbxA maps to chromosome 2 (A. Kuspa, personal communication; Kuspa and Loomis, 1996) . fbxA is predicted to encode a protein, FbxA (for "F-box A"), of 142 kDa. The amino acid sequence of FbxA is shown in Fig. 1A . The protein contains an F-box and five WD40 repeats, which are located C-terminal to the F-box (Fig. 1) . F-Boxes mediate interaction of proteins with the ubiquitination machinery (Patton et al., 1998; Maniatis, 1999) and are often found associated with WD40 repeats. WD40 repeats have been identified in a wide variety of eukaryotic proteins and are thought to mediate protein-protein interactions (Neer et al., 1994) . FbxA contains several poly-Gln, poly-Thr, and polyAsn tracts derived from poly AAC runs in the coding sequence, a feature common to many Dictyostelium genes (Shaw et al., 1989) .
fbxA Is a Developmentally Regulated Gene with a Transcript That Is Enriched in Prestalk Cells
When analysed by Northern blot hybridisation, the fbxA mRNA is undetectable in vegetative cells, peaks at approximately 14 h (first finger/slug stage), and drops in abundance by 18 h (Mexican Hat stage; data not shown). In situ analysis of whole-mount preparations shows that fbxA mRNA is highly enriched in prestalk cells. There is strong staining in the prestalk zone of all tipped aggregates (data not shown) and all slugs ( Fig. 2A) and in the rear of a proportion of slugs ( Fig. 2A , lower of the two slugs; N.B., this is the rearguard region, a prestalk cell population that is present in some but not all slugs and that forms part of the outer basal disc at culmination; Jermyn and Williams, 1991) . No staining is observed in fbxA Ϫ slugs or when a control, sense probe is used. (Figs. 2B and 2C ). We could not distinguish any signal above background when preculminants and culminants were examined (data not shown).
Creation of New fbxA Null Alleles and Phenotypic Characterisation
The original fbxA1 Ϫ mutation results from plasmid insertion at a site very near the predicted C-terminus of the FbxA protein (Fig. 1A) . Hence it seemed possible that a partially functional protein might be produced. Therefore, before analysing FbxA function in detail, two new disruption constructs were produced and analysed in two different strains. In one plasmid (Bsrƒ1) a 3.07-kb region encompassing 111 nucleotides of upstream sequence, the ATG start codon, and 944 amino acids of FbxA was replaced with a cassette encoding resistance to Blasticidin. Following digestion with ClaI and BamHI, Bsrƒ1 was transformed into strain Ax2 to yield strain fbxA2 Ϫ . In plasmid Bsrƒ2, a blasticidin resistance cassette was inserted at a unique HincII site near the centre of fbxA. Bsrƒ2 was cut with AccI and NdeI and transformed into KAx3 to produce strain fbxA3 Ϫ . In both cases disruption of the fbxA gene was confirmed by Southern blot analysis (data not shown).
There are minor differences among fbxA1 Ϫ , fbxA2 Ϫ , and fbxA3 Ϫ , almost certainly arising from the fact that the parent strains of fbxA1 Ϫ (DH1), fbxA2 Ϫ (Ax2), and fbxA3 Ϫ (KAx3) differ in their precise developmental characteristics, but the general properties of the mutants are very similar. All three mutant strains form aberrant culminants when developed in overhead light but the proportion of aggregates that develop into culminants is highest with fbxA2 Ϫ ; fbxA1 Ϫ and fbxA3 Ϫ show some tendency to arrest as mounds, particularly when developed at low cell densities (data not shown). All three strains are much more likely to remain as slugs under developmental conditions where the parent strain enters culmination. This defect is best illustrated when cells are developed on nitrocellulose filters. Under these conditions, parental cells culminate without a migratory slug stage (Fig. 3A) but fbxA Ϫ cells migrate as slugs for many hours before some, but not all, of the slugs eventually form aberrant culminants (Figs. 3B and 3C) . Squashes of the culminants reveal a normal stalk tube, vacuolated stalk cells, and refractile spores that are detergent resistant (Fig. 3D and data not shown) . When fbxA Ϫ slugs are exposed to overhead light (which triggers culmination in wild-type strains), some of the fbxA Ϫ null slugs culminate, while others form amorphous mounds (marked with arrowheads in Fig. 3E ). Since the three strains show such similar properties, we will henceforth simply refer to them as fbxA Ϫ mutants.
fbxA ؊ Development Is Hypersensitive to Ammonia
Since fbxA Ϫ slugs tend to migrate for extended periods of time compared to parental strains (this is termed a "slugger" phenotype), and several previously described slugger mutants have been shown to be ammonia hypersensitive (Gee et al., 1994) , we determined whether fbxA Ϫ mutants also display this property. Parental and mutant cells were developed in the presence of increasing concentrations of ammonium chloride. fbxA Ϫ cells are much more sensitive The five WD40 repeats from FbxA were aligned using the program CLUSTAL W. The resulting consensus is shown in the line immediately below the repeats. Letters and dots indicate exact matches and related residues, respectively, in Ͼ50% of the cases. Asterisks mark places where CLUSTAL's consensus matches those suggested for WD40 repeats (Neer et al., 1994) . The residue numbers for each repeat are shown to the right. (C) Alignment of F-box regions from several F-box/WD40 proteins. F-boxes from FbxA (residues 634 -677), Dictyostelium MEKK␣, Drosophila Slimb, and C. elegans SEL-10 were aligned using CLUSTAL W. Coordinates for the F-boxes are based on the consensus in the review by Patton et al. (1998) . The resulting consensus is shown in the line immediately below the repeats. Letters and dots indicate exact matches and related residues, respectively, in Ͼ50% of the cases. Asterisks mark places where CLUSTAL's consensus matches those suggested by Patton et al. (1998) . The F-box from FbxA shows exact matches to 26 of the 33 residues specified by the Patton consensus. In 6 of the remaining 7 cases, the residue in FbxA matches that found in at least one other F-box protein. to the inhibitory effects of ammonia than their respective parental strains (Fig. 4) . Ax2 cells form normal culminants at concentrations of NH 4 Cl up to 60 mM ( Fig. 4G ) and can form small culminants at 75 mM NH 4 Cl (Fig. 4I) . In contrast, the already low efficiency of fbxA Ϫ culmination at 0, 5, and 10 mM NH 4 Cl (data not shown and Fig. 4B ) is further decreased at 20 and 40 mM NH 4 Cl (Figs. 4D and 4F) . fbxA Ϫ cells arrest as tight mounds at 60 mM NH 4 Cl (Fig.  4H ) and fail to even aggregate at 75 mM NH 4 Cl (Fig. 4J) .
FIG. 2. Expression pattern of fbxA
fbxA ؊ Slugs Are Aberrant in Cell-Type Proportioning
We next determined the developmental potential of fbxA Ϫ cells using cell-type-specific markers. The pspA gene is selectively expressed in prespore cells (Early et al., 1988) and the pspA:gal reporter construct contains the promoter of pspA fused to lacZ. In first fingers formed by Ax2 cells transformed with pspA:gal, the prespore region is stained and there are a few scattered staining cells in the prestalk region (Fig. 5A ). In comparison, the fbxA Ϫ structures show a larger prespore region (Fig. 5B) ; although somewhat variable in its precise length, the stained region in fbxA Ϫ first fingers is consistently longer, relative to the total length of the slug, than that observed in Ax2 slugs. Similar results were obtained with the prespore-specific gene SP60/cotC (data not shown). In order to confirm that this altered staining pattern reflects a change in the number of prespore cells, parental and fbxA Ϫ slugs were dissociated and the constituent cells were analysed either using a monoclonal antibody directed against pspA or using cells transformed with the SP60:gal reporter (in conjunction with histochemical staining). The fbxA Ϫ slugs contain an increased proportion of pspA-gal and SP60:gal-expressing cells, with slightly over 10% more prespore cells in the mutant slug cells (0 h in Table 1 ; data not shown for SP60:gal). This difference increases after further slug migration to reach a plateau value (10 h and 24 h in Table 1 ).
The ecmAO:gal marker contains the entire promoter of the ecmA gene fused to lacZ (Early et al., 1993) . It is expressed in pstA cells, in pstO cells, and in ALC. In parental cells analysed at the first finger stage, the approximate front one-fifth is stained and there are scattered stained cells in the prespore region (Fig. 5C ). In fbxA Ϫ cells the prestalk region is significantly reduced in size relative to the parental strain (Fig. 5D) . Again, there is some variability from slug to slug, but the average size of the prestalk region is clearly reduced and the extent of the reduction correlates well with that expected from the increase in the prespore domain (Fig. 5B) .
We next determined which of the prestalk populations is aberrant in the mutant. The ecmO:gal reporter construct contains a cap site distal subfragment of the promoter of the ecmA gene fused to lacZ (Early et al., 1993) . ecmO:gal is expressed in the pstO cells, which form a band in the posterior part of the prestalk region, and also in ALC (Fig.  5E ). The pstO band is narrower in fbxA Ϫ mutant slugs than is the case for parental first fingers (Fig. 5F ), but the size of the unstained anterior, pstA, region appears approximately similar. The unaltered size of the pstA region in the fbxA Ϫ mutant was also confirmed directly using ecmA:gal, the reporter specific for pstA cells (data not shown). We confirmed these whole-mount results using dissociated samples. There is no statistically significant difference between the pstA population sizes of fbxA and parental slugs but the proportion of pstO cells is significantly smaller in the mutant strain (Table 2) . We conclude, therefore, that slug formation in the fbxA Ϫ mutant is aberrant. There is a higher proportion of prespore cells and this is at the expense of the pstO population, with the size of the pstA population remaining approximately normal.
Overexpression of FbxA Reduces the Size of the Prespore Region
The above data suggest that FbxA is necessary for generating and maintaining the correct ratio of prestalk to prespore cells. It was therefore of interest to determine the effect of overexpressing FbxA. The fbxA gene was placed under control of the semiconstitutive actin15 promoter. A FLAG epitope tag was included at the C-terminus of FbxA and the construct was transformed into Dictyostelium cells using G418 as selectable marker. Western blot analysis shows that a protein of the predicted size is expressed (Fig.  6A) and that increasing the concentration of G418 used in the selection increases expression of the fusion protein (compare lanes marked G20 with those marked G100). No such band is observed in untransformed cells (Fig. 6A) . First fingers formed from cells selected at 100 g/ml G418 were fixed and stained with a polyclonal antibody specific to prespore cells (Hayashi and Takeuchi, 1976) . The first fingers derived from FbxA-FLAG overproducers show a marked reduction in the size of the prespore region relative to the parental strain (Figs. 6B and 6C) . This difference was confirmed by dissociating first fingers and staining with a monoclonal antibody directed against the pspA protein. In contrast to the approximately 70% staining observed for wild-type cells (Table 1) , only 60% of the cells from the overproducer were stained (N.B. Because both the FbxA overexpression construct and the cell-type-specific reporters are carried on G418 resistance plasmids, it was not readily possible to study prestalk cell differentiation). In order to determine whether there is a corresponding increase in the size of the prestalk zone in first fingers derived from overproducing cells, in situ analysis was performed using an ecmA probe. As expected, expression of the ecmA gene was detected in both the pstA and the pstO region of wild-type and mutant structures (Figs. 6D and 6E) . However, the size of the prestalk region is noticeably larger in the mutant structures relative to that observed in the parental strain. Thus, whereas the prespore:prestalk ratio increases in the absence of FbxA protein, this ratio decreases when FbxA is overexpressed. derived from pooled populations, while E and F are derived from the cloned cells used in the experiment described in Table 2 . Pooled populations did however also give identical results to those shown in E and F. g/ml G418 (G20). A derivative population was later established at 100 g/ml G418 (G100). Cell extracts were prepared from transformants and subjected to Western blot analysis, using a polyclonal anti-FLAG antibody. Two sample volumes (2.5 and 1.0 l) were loaded for extracts from both G20 and G100 cells. and selected at 100 g/ml G418 (E).
In Synergy Experiments with the Parent Strain, fbxA ؊ Cells Are Progressively Excluded from the Prestalk Region and from the Front of the Prespore Zone
A valuable method of comparing the developmental potential of two different strains is to study their relative behaviours in chimeric structures. fbxA Ϫ mutant cells and their respective parental strains were marked by transformation with an actin15-lacZ construct. Because the actin15 promoter is expressed in all cell types (Knecht et al., 1986) , transformed cells stain regardless of cell type and location. Mixtures that consisted of 10% marked cells and 90% unmarked cells were allowed to develop and then stained to reveal the location of cells containing ␤-galactosidase. Staining patterns of synergized structures reveal a clear effect of the fbxA mutation on cell localization. In slugs that have migrated for 3 h, containing a mixture of 10% marked mutant and 90% unmarked parental cells, the mutant cells show a marked preference for the rear of the prespore and prestalk regions (Fig. 7A) . Conversely, in mixtures where the marked cells are parental and the unmarked cells are mutant, the parental cells show a preference for the anterior of the prespore and prestalk regions (Fig. 7B) . Synergized slugs allowed to undergo prolonged migration in unidirectional light show an even more dramatic difference in parental and mutant cell distribution. In slugs in which the mutant population is marked, staining is entirely confined to the very rear of the prespore region (Fig. 7C) . In contrast, in slugs where 90% of cells are mutant, the marked parental cells are located exclusively in the tip (Fig. 7D) .
Initial Events in Culmination of fbxA ؊ Slugs Appear Relatively Normal If There Is No Slug Migration
We next analysed culmination to determine how an alteration in cell-type proportioning affects terminal morphogenesis. An initial event in terminal stalk-cell differentiation is the activation of ecmB expression. This event occurs sporadically during slug migration in a subset of the pstA cells located near the tip; these cells activate ecmB expression and a forward facing cone of pstAB cells is produced. Selective staining with a vital dye shows that the cells composing this cone are periodically shed from the back of the slug (Sternfeld, 1992) . They are replaced by the redifferentiation of pstA cells. The ecmB:gal reporter, which contains the entire ecmB promoter fused to lacZ, was transformed into parental and fbxA Ϫ cells. A cone of pstAB cells is present in young slugs formed by both Ax2 and fbxA Ϫ cells. (Figs. 8A and 8B) . As fbxA Ϫ slugs migrate, the cone of stained pstAB cells sometimes seems to become larger than in the parent strain but it is difficult to quantitate this difference because the size of the pstAB cone is highly variable in parental slugs.
Although fbxA Ϫ slugs have an aberrant ratio of pstO to prespore cells, they can form fruiting bodies if they are induced to culminate without prolonged migration by exposing them to overhead light. We therefore analysed the early stages of culmination using the ecmB:lacZ reporter. At culmination this reporter is activated in pstA cells as they enter the stalk tube and in the cells that compose the upper and lower cups and the outer basal disc. Differentiation of the lower cup and the outer basal disc seems to be normal in the fbxA Ϫ strain (data not shown). The upper cup is believed to derive in part from pstO cells that differentiate in situ and in part from ALC that move to the apex of the spore mass (Jermyn and Williams, 1991) . It is therefore of particular interest to analyse upper cup cell differentiation, because fbxA Ϫ slugs are deficient in pstO cells. At early stages of culmination there is a band of upper cup cells in the fbxA Ϫ culminants that is of the same approximate Note. Structures formed by cells from the indicated strains were disaggregated at varying times during development (first finger or after 10 or 24 h of slug migration), by passage through a 23-gauge needle, and stained with the Mud1 antibody, which is specific for the prespore protein pspA. Fields were chosen at random and the percentage of total cells stained was determined. The FbxAϩϩ entry denotes cells expressing the FbxA-FLAG construct. n.d., not determined. size as that observed in the parental strain (Figs. 8C and 8D) . Hence, it appears that upper cup formation is initiated normally. No upper cup is visible at the top of fbxA Ϫ spore masses in final culminants but by this stage the spore head is far below the apex of the stalk (Figs. 8E and 8F ). The fbxA Ϫ culminants do have a heavily stained thickened region (marked with an arrowhead in Fig. 8F ), at the apex of the stalk, which perhaps contains the cells that would normally have composed the upper cup. Perhaps, therefore, the upper cup of fbxA Ϫ culminants remains physically linked to the ST cells when the spore mass separates from the apex of the stalk.
After prolonged slug migration, fbxA Ϫ mutants are unable to enter culmination but, upon exposure to light, some slugs form misshapen mounds of cells (Fig. 3E ). We were interested in determining whether these terminal structures showed any evidence of ecmB:lacZ staining reminiscent of early culminants. In most cases (see left-hand structure in Fig. 8G ), only scattered staining is observed. Occasionally, however, an additional short, stalk-like, stained region is seen (right-hand structure in Fig. 8G ).
DISCUSSION
FbxA is necessary for correct cell-type specification; first fingers and slugs derived from fbxA Ϫ mutant cells contain an excess of prespore cells and a reduced number of pstO cells, while the proportion of pstA cells remains approximately normal. Conversely, overexpression of FbxA leads to a reduction in the prespore population and an apparent increase in the prestalk population. The defect in pstO cell formation in the null cells may relate to the characteristic structure of the fruiting body that is formed. Previous work has shown that the upper cup acts to lift the spore head up the stalk at culmination (Sternfeld, 1998) . The upper cup in part derives from the pstO cells (Jermyn and Williams, 1991) , so a deficit of pstO cells could perhaps lead to defective spore elevation. However, at the late stages of culmination, it was not possible to determine whether the fbxA Ϫ mutant has a deficit of upper cup cells. We do not know why there should be an increase in prespore differentiation at the expense of prestalk differentiation, but the nature of the results argue against one, simplistic model. PstA and pstO differentiation are both induced by DIF, and DIF also acts to repress prespore differentiation. Any change in the sensitivity to DIF could therefore, in principle, shift the balance between prestalk and prepore cell differentiation. However, it seems very unlikely that fbxA Ϫ cells have a decreased sensitivity to DIF because pstA differentiation is normal in the mutant, and pstA cell differentiation requires a 10 times higher DIF concentration than pstO cell differentiation (Early et al., 1995) .
One potentially important piece of information in understanding the fbxA Ϫ phenotype is the extent to which the defect is cell autonomous. In synergy experiments, where fbxA Ϫ cells are codeveloped with an excess of wild-type cells, the fbxA Ϫ cells initially populate the prestalk and prespore zones. However, the fbxA Ϫ cells are enriched in the rear part of both regions. After a period of slug migration, this rearward accumulation becomes even more pronounced and the fbxA Ϫ cells become entirely concentrated at the back of the prespore region. The fact that the fbxA Ϫ cells are initially present both within the prestalk and prespore zones suggests that they are not entirely aberrant in initial differentiation when developing in the presence of a large excess of parental cells. However, their subsequent behaviour can be interpreted in a number of ways. There could, for example, be a defect in the process of prestalk cell replenishment in the mutant cells. Parental cells in a predominantly mutant background would then be preferentially recruited to the tip, to replenish the prestalk population after its depletion during migration. Conversely, mutant cells in a slug composed largely of parental cells would be less likely to take on anterior fates during migration. The fact that the percentage of prespore cells in fbxA Ϫ slugs increases upon prolonged migration (Table 1) is consistent with this model. However, there are alternative explanations. For example, the pstA, pstO, and prespore populations in a normal slug differ in relative rates of chemotaxis to cAMP: the pstA cells move slightly faster than the pstO cells and the prespore cells move much slower than either prestalk population (Abe et al., 1994) . The fbxA Ϫ cells might therefore have a general reduction in mobility relative to the parental cells, so that each mutant pstO, pstA, and prespore cell type moves more slowly than its wild-type counterpart.
Null mutations in the fbxA gene also have several effects upon late development that seem likely to be linked in some way. There is, for example, a well-established correlation between ammonia hypersensitivity and an increased propensity for slug migration (Gee et al., 1994) and the fbxA Ϫ strain shows both these properties. Entry into culmination is regulated by cAMP dependent protein kinase (Harwood et al., 1992; Mann et al., 1992) and recently a pathway that links ammonia to production of intracellular cAMP via a sensor histidine kinase has been proposed (Singleton et al., 1998) . It will be of interest to see whether the fbxA Ϫ strain has altered levels of any of the proteins in this pathway.
Analysis of the predicted protein sequence reveals that FbxA is a member of a growing family of proteins that contain an F-box upstream of a series of WD40 repeats. According to the "F-Box Hypothesis," the WD40 repeats interact with specific protein(s) targeted for ubiquitinmediated degradation and the F-box domain interacts with the cellular ubiquitination machinery (Bai et al., 1996; Patton et al., 1998; Maniatis, 1999) . Of particular interest in this context are several F-box proteins recently shown to regulate cell fate decisions and pattern formation in Dictyostelium, plants, and metazoans. Function of a Dictyostelium MEK kinase, MEKK␣, is regulated by ubiquitination. In addition to its kinase domain, MEKK␣ contains both an F-box and WD40 repeats that mediate its interaction with the ubiquitination machinery (Chung et al., 1998) . Mekk␣ null strains or strains overexpressing a dominant negative MEKK␣ form slugs with an increased proportion of pstO cells and a concomitantly decreased proportion of prespore cells (Chung et al., 1998) . Conversely, cells overexpressing wild-type MEKK␣ show increased prespore differentiation and decreased pstO differentiation. MEKK␣ stability is spatially and temporally regulated by the ubiquitin-conjugating enzyme UBC1, which directs degradation, and the deubiquitinating enzyme UCP1, which stabilizes MEKK␣. Mutants lacking UBC1 contain an excess of pstB cells and are impaired in both tip formation and culmination (Clark et al., 1997) . Disruption of the nosA gene, which encodes NOSA, another component of the ubiquitination machinery, results in developmental arrest following aggregation (Pukatzki et al., 1998) .
In plants, the FIM (fimbritia) protein of Antirrhinum and UFO (Unusual Floral Organs) gene of Arabodopsis are closely related F-box/WD40 proteins that regulate floral homeotic genes (Ingram et al., 1995) . For example, fim Ϫ mutants show decreased message levels of the MADS box transcription factor deficiens, suggesting that FIM normally mediates degradation of an inhibitor of deficiens expression (Ingram et al., 1997) . In C. elegans, the F-box/WD40 protein SEL-10 negatively regulates activity of the lin-12/Notch pathway, apparently via interaction with the intracellular domain of the lin-12/Notch receptor itself (Hubbard et al., 1997) . In Drosophila, absence of the F-box/WD40 protein Slimb results in ectopic activity of genes responsive to the Hedgehog and Wingless signaling pathways (Jiang and Struhl, 1998) . Slimb is also required for activation of dorsal, the Drosophila NF-B homologue (Spencer et al., 1999) . Nuclear localization of dorsal, which occurs in response to activation of the Toll-receptor signaling pathway, requires ubiquitin-mediated degradation of the I-B homologue cactus (reviewed in Morisato and Anderson, 1995) . Interestingly, the vertebrate homologue of Slimb, ␤-TrCp, has been implicated in ubiquitin-mediated degradation of I-B, ␤-catenin (a component of the Wingless signaling pathway), and CD-4 (as a consequence of HIV infection) (Margottin et al., 1998; Yaron et al., 1998; Spencer et al., 1999; Winston et FIG. 7 . Staining pattern of chimeric slugs. Ax2 and fbxA Ϫ cells were transformed with actin15-lacZ, a marker that is expressed in all cell types. Chimeric structures consisting of 10% marked cells and 90% unmarked cells were prepared by mixing cells immediately prior to development. The resulting slugs were allowed to migrate for either 3 h (A and B) or 24 h (C and D) before fixation and staining. In A and C the mutant cells are the marked population. Ax2 cells are marked in B and D. Arrowheads indicate the anterior of the slugs. In order to determine whether the marking process per se had any effect on the developmental fate of the cells, control experiments were also carried out in which both the marked and the unmarked populations were of the same genotype (both Ax2 or both fbxA Ϫ ). Stained cells were distributed evenly throughout these control slugs (data not shown).
FIG. 8. ecmB:gal expression patterns. Ax2 and fbxA
Ϫ cells were transformed with the ecmB:gal reporter. Whole mounts of the resulting transformants, fixed and stained at various stages of development, are shown. A and B show young Ax2 and fbxA Ϫ slugs, respectively. Note the conical region of staining in the slug tip. Early preculminants formed by Ax2 (C) and fbxA Ϫ (D) cells both show a similar region of upper cup staining (indicated by arrowheads). A stalk tube can also be seen in the upper one-third to one-half of the structures. E and F show culminants from Ax2 and fbxA Ϫ cells, respectively. In contrast to the normal upper cup structure seen in E, mutant structures have no staining at the apex of the spore mass. However, a thickened region of intense staining is observed at the top of the stalk (marked with arrowheads in F). Two different stages in the fbxA Ϫ culmination process are shown in F. The lower left-hand structure shows an intermediate stage, at which the spore mass is still near to the top of the forming stalk. As development proceeds, the spore mass separates from the top of the stalk, and the stalk continues to extend upward, until the final aberrant culminant is produced (upper right-hand structure). G shows the amorphous mounds produced when fbxA Ϫ slugs are exposed to light after prolonged migration. See also the structures marked with an arrowhead in Fig. 3E .
al., 1999; reviewed in Maniatis, 1999) . SEL-10, Slimb, and ␤-TrCp appear within the top nine matches in a protein homology search in which the entire FbxA amino acid sequence was submitted for comparison. Although we have no formal evidence that FbxA interacts with the ubiquitination machinery, the presence of the F-box and WD40 repeats strongly suggests that FbxA is differentially regulated by the ubiquitination pathways or functions as a scaffold, like Slimb/␤-TrCp, to target other proteins for degradation. Of interest is that both FbxA and MEKK␣ have null and overexpression phenotypes that affect the ratio of pstO to prespore cells. It is thus possible that these two genes lie on a common genetic pathway. One possible model is that MEKK␣ acts as a negative regulator of FbxA, where FbxA functions to either promote prestalk differentiation or inhibit prespore differentiation. Identification of components that lie upstream and downstream from FbxA and MEKK␣ should clarify potential interactions of the proteins and how they regulate cell fate decisions.
